The effects of anions on the thermostability of ovotransferrin (oTf) were investigated. The temperature, T m , causing aggregation of oTf was measured in the presence or absence of anions, and the denaturation temperature, T m DSC , was also determined by differential scanning calorimetry (DSC) in the presence of the citrate anion. We found that some anions (phosphate, sulfate and citrate) raised temperature T m of oTf by about 5-7 C. However, neither sodium chloride nor sodium bicarbonate raised T m by that much. Temperature T m was increased by increasing the concentration of the citrate anion, and was in good agreement with denaturation temperature T m DSC , suggesting that denaturation of the oTf molecules resulted in aggregation of oTf. We also demonstrated that the anions, especially sulfate, repressed the heat-aggregation of liquid egg white.
The effects of anions on the thermostability of ovotransferrin (oTf) were investigated. The temperature, T m , causing aggregation of oTf was measured in the presence or absence of anions, and the denaturation temperature, T m DSC , was also determined by differential scanning calorimetry (DSC) in the presence of the citrate anion. We found that some anions (phosphate, sulfate and citrate) raised temperature T m of oTf by about [5] [6] [7] C. However, neither sodium chloride nor sodium bicarbonate raised T m by that much. Temperature T m was increased by increasing the concentration of the citrate anion, and was in good agreement with denaturation temperature T m DSC , suggesting that denaturation of the oTf molecules resulted in aggregation of oTf. We also demonstrated that the anions, especially sulfate, repressed the heat-aggregation of liquid egg white.
The Van't Hoff plot from the T m and ÁH d values revealed that two anion-binding sites were concerned with heat stabilization. These binding sites may have been concerned with sulfate binding (not bicarbonate binding) that is found in the crystal structure of apoform of oTf, since the bicarbonate anion did not raise T m .
Key words: egg-white; thermostabilization; ovotransferrin Egg white is one of the most important food material due of its useful functions, including gelling and forming properties. 1) Liquid egg white, which is widely used in the food industry, needs to be pasteurized to reduce Salmonella enteritidis which causes food-poisoning in humans.
2) The conditions for pasteurization of liquid egg white in Japan are keeping at 56 C for 3.5 minutes and at 54 C for 10 minutes for continuous and batch treatment, respectively, to avoid gelation and aggregation. These temperatures are lower than those for whole egg (60 C and 58 C for continuous and batch treatment, respectively) and for yolk (61 C and 59 C).
It has been shown that heating liquid egg white (pH 7) at 60 C for 5 min caused the aggregation only of oTf, one of the major proteins in egg white. [3] [4] [5] Moreover, we have reported in a previous paper that oTf was involved in the thermal gelation of egg white at 60-65 C. 6) Thus, the temperature of 54-56 C is possibly insufficient to sterilize S. enteritidis.
2) Furthermore, a temperature higher than 60 C is necessary to eliminate pathogenic Escherichia coli (62-65 C) and to inactivate avian influenza (70-75 C). Consequently, it is necessary to inhibit the aggregation and gelation of oTf for the thermal sterilization of liquid egg white as it is.
OTf, which is derived from the same gene as chicken serum transferrin, belongs to the transferrin family of iron-binding proteins. 7) This protein consists of 686 amino acid residues and is folded into N-lobe (1-332) and C-lobe (342-686) with similar tertiary structure; each lobe has an Fe 3þ binding site. 8) The diferric form denatures at about 80 C, while the apo form (iron-free form) of the protein denatures at about 60 C. 9) Despite the high heat stability of the diferric form, Fe 3þ cannot be used for the thermostabilization of liquid egg white because of the deep red color of diferric oTf.
Aluminum ions also bind to oTf, and raise the denaturation temperature of oTf by about 7 C. 10) Although an application of Al 3þ for the stabilization of egg-white has been patented, 11) the influence of aluminum on human health has not been sufficiently elucidated. In addition to Al 3þ , many additives which inhibit the aggregation of oTf, such as sucrose, s-casein and dry-heated ovalbumin, have been reported. [12] [13] [14] [15] In this current study, the effect of anions on the thermostability of the apo-form of oTf is investigated.
Materials and Methods
Reagents and preparation of egg white and oTf. All the chemicals were of guaranteed grade from Wako Pure Chemical Industries (Osaka, Japan), Nacalai Tesque (Kyoto, Japan) and Sigma-Aldrich Chemicals (St. Louis, y To whom correspondence should be addressed. Tel: +81-774-38-3736; Fax: +81-774-38-3735; E-mail: kmizutani@kais.kyoto-u.ac.jp Abbreviations: oTf, ovotransferrin; DSC, differential scanning calorimetry MO, USA). Egg white oTf was purified from fresh hen egg white as described previously. 16) Fresh egg white was prepared from chicken eggs, the egg white being carefully stirred to prevent foaming and was filtered through a cloth (gauze). The pH of the prepared egg white was 9.0-9.2.
Aggregation of oTf by heat treatment. The apo-form of oTf (1.75 mg/ml) was incubated at 50-70 C for 5 min in 0.1 M HEPES at pH 7.5 containing (or not containing) an anion (sodium sulfate, sodium citrate, sodium phosphate, sodium bicarbonate or sodium chloride) or sorbitol. The aggregate was removed by centrifugation at 12;000 Â g for 5 min after incubation. An aliquot (30 ml) of the supernatant was diluted by 70 ml of 100 mM HEPES at pH 7.5, and the absorbance of the diluted supernatant was measured at 280 nm.
T m is the temperature at which half of the initial total proteins remain as soluble protein after heating, and ÁT m is the temperature difference between T m without an added anion and T m with the added anion.
Differential scanning calorimetry. The thermal stability of the apo-form of oTf was analyzed in 0.5 M HEPES at pH 7.5 containing (or not containing) sodium citrate with a differential scanning calorimeter (Micro Cal, MCS-DSC, Northampton, MA, USA). The protein concentration was 0.4 mg/ml, and the rate of temperature change was 1 C/min in the analyses, the data being processed with Origin software (Micro Cal).
T m DSC is the denaturation temperature obtained by the DSC analysis, and ÁT m DSC was calculated by using T m DSC in a similar manner to ÁT m . The enthalpy change at denaturation, ÁH d , was calculated from the experimental results.
Aggregation of egg white by heat treatment. Various concentrations of an anion (sodium phosphate, sodium citrate or sodium sulfate adjusted to pH 9) were added to the fresh liquid egg white, and the egg white solutions were incubated at 50-70 C for 15 min in disposable cuvettes (1 cm Â 0:5 cm). Aggregation of the egg white was evaluated by its transmittance at 595 nm. (The values of transmittance before the heat treatment depended on the egg used and preparation of the egg white.)
Determination of the number of anion-binding sites. To evaluate the binding sites of the anions which raised the denaturation temperature of oTf, a Van't Hoff plot was employed. 17 
Results
Effect of anions on the aggregation of purified oTf by a heat treatment
The thermal stability of oTf was evaluated by the soluble proteins remaining after the heat treatment: the concentration of soluble oTf was measured by the absorbance at 280 nm after centrifugation. The concentration was plotted against the temperature, and the plot was fitted to a sigmoid equation (Fig. 1) . The temperature, T m , causing aggregation increased according to the concentration of the anion. The phosphate, citrate and sulfate temperature was raised by about 5.0-5.7 C at 40 mM, but the chloride and bicarbonate temperature was only raised by about 1.4 and 2.4 C, respectively ( Fig. 1, 2) . However, non-ionic sugar (sorbitol) had no effect on heat stability of oTf (Fig. 1F ).
Calorimetric analyses of purified oTf in the presence of sodium citrate
The thermal stability of the apo-form of oTf was analyzed in the presence of citrate by a differential scanning calorimeter (Fig. 3) . The denaturation temperature T m DSC increased according to the concentration of the citrate anion (Table 1) , as was observed in the experiment for the aggregation of oTf, indicating that the heat aggregation has been caused by the denaturation of oTf. The enthalpy change at various concentrations of citrate, ÁH d was calculated and is summarized in Table 1 . The increasing ÁH d value with increasing anion concentration mean that ÁH d was dependent on the denaturation temperature, ÁT m DSC .
18)
Effect of anions on the aggregation of egg white by the heat treatment
The aggregation of the egg white was evaluated by the transmittance of the fresh egg white after heating (Fig. 4) . The sulfate anions inhibited the aggregation of egg white quite well: the denaturation curve shifted to the right (the higher temperature side) with increasing concentration of sulfate (Fig. 4A) . In the case of sodium chloride, different behavior was observed: the starting temperature of denaturation increased with increasing concentration of sodium chloride, while the end temperature was not changed much (Fig. 4D) . On the other hand, a low concentration of phosphate raised T m as much as sulfate did, while a high concentration (320 mM) of phosphate caused aggregation at a lower temperature (Fig. 4C) . The effect of citrate was less than that of the other anions, and a high concentration (320 mM) of citrate also caused aggregation at a low temperature (Fig. 4B) .
Determination of the anion-binding sites
To evaluate the number of the binding sites of the anion which raised T m of oTf, Van't Hoff plots were employed (Fig. 5) . The number of binding sites, n, of sulfate, citrate and phosphate were estimated from equation 1 to be 2.20, 1.55 and 1.99, respectively ( Table 2) . As the results show, two anion-binding sites may have been involved in the stabilization of oTf.
Discussion
The inhibitory effects of some anions (sulfate, citrate and phosphate) on the heat aggregation of oTf are reported in this study. Watanabe et al. 12) and Matsudomi et al. 14) have previously reported that heat-treated ovalbumin inhibited the aggregation of oTf, and the authors considered that the effect was derived from ionic interaction. Nakamura et al. 19, 20) have also reported that phosphate and citrate anions inhibited the aggregation of oTf. The inhibiting effects of those anions are similar to our results shown in this study, although a direct comparison is not possible because of the different experimental conditions. Nakamura et al. have shown that the inhibiting effect of the sulfate anion was very low and similar to the chloride anion, although the sulfate anion also exhibited a high inhibiting effect in our study.
The influence of sodium chloride was small (Fig. 2) , suggesting that the stabilization of oTf not only came from the ionic strengths but also from the specific binding of some anions to oTf. (The plot of ÁT m and the ionic strength of anions corresponding to Fig. 2 also reveals the low inhibiting effect of the chloride anion.) In Fig. 2 , the steep slope for the citrate, phosphate and sulfate anions up to about 5 mM may correspond to specific bindings while the gentle slope after 5 mM may correspond to non-specific stabilization like the chloride anion. The inhibiting effect of the bicarbonate anion on the aggregation of oTf was also much smaller than that of the anions such as sulfate, citrate and phosphate. Our X-ray crystallographic studies on the N-and C-lobes of oTf have revealed the existence of some sulfate anionbinding sites: 21, 22) four sulfate binding sites were in the N-lobe and one site in the C-lobe. In transferrin, two bicarbonate anions bind with iron ions as a synergistic anion, although the sulfate binding sites are not the synergistic anion-binding sites. These results indicate that anion binding was not to the synergistic anion (bicarbonate anion) binding sites, but to the sulfate binding sites to stabilize the oTf molecule.
DSC analyses of oTf in the presence of the citrate anion reveal that the denaturation temperature of the protein corresponds to the temperature, T m , for aggregation of oTf, suggesting that denaturation of the oTf molecule was responsible for this aggregation. In order to evaluate the binding sites of the anions which raised the denaturation temperature of oTf, the enthalpy change for the denaturation of oTf was determined by DSC analyses and Van't Hoff plots were employed as shown in the results. The determined numbers of anion-binding sites (sulfate, 2.20; citrate, 1.55; phosphate, 1.99) suggest that two anion-binding sites were involved in the stabilization of oTf; two of five sulfate-binding sites may be concerned with the heat stabilization. Our unpublished data (Yamashita, H. and Hirose, M.) on DSC show that 100 mM of the citrate anion raised the denaturing temperature of the ovotransferrin N-half molecule and C-half molecule by 3.3 C and 2.6 C, respectively. The observations suggest that the binding sites concerned with heat stabilization exist in both lobes, although the precise locations of the sites are not known. Experiments using site-directed mutagenesis are necessary to elucidate the location of the sites.
These anions, especially the sulfate, also raised the temperature causing the aggregation of fresh egg white. The effect of anions on purified ovotransferrin and egg Fresh egg white was incubated with 0 ( filled circles), 40 ( filled squares), 80 ( filled diamonds), 160 ( filled triangles) and 320 ( filled and reversed triangles) mM of sodium sulfate (A), citrate (B), phosphate (C) and chloride (D) as described in the text, and the transmittance of the samples at 595 nm was plotted.
white were not always the same, which suggests that some proteins (such as ovalbumin) or the ions in egg white may have a considerable influence on the stabilization effect. Considering the safety of these anions with regard to human health, they could be used to stabilize liquid egg white for pasteurization at a higher temperature. 
